Food, like water, is in short supply in the desert. We report a specialized mechanism used by a desert mouse for surviving prolonged food shortages. The key element of this adaptation is a large reduction in resting metabolism. After about 2 weeks of restricted food intake (50% of normal), the desert mouse "switched down" its resting metabolism and was able to survive and maintain its weight indefinitely on these limited rations. When food was again freely available, resting metabolism "switched up," returning to normal levels in a single day. The reduced metabolism occurred without a decrease in body temperature or in levels of activity. In marked contrast, metabolism of the laboratory white mouse increased during food restriction, and the experiments had to be terminated to avoid starvation. We think this "metabolic switch" is common among desert mammals. It may be an amplification of a general metabolic response for coping with food scarcity common to all mammals, including humans. (6) and marsupials (7) to rodents (8), carnivores (9, 10), and ungulates (11). Furthermore, measurements of metabolic rates in the field (with doubly-labeled water) indicate that desert mammals require on average about 30% less energy than nondesert mammals (12).
summer temperatures, and intense solar radiation pose challenging physiological problems for animal survival. Much has been learned about how desert animals solve the problems of heat and water (2) , while the problem of food scarcity has received less attention.
During their lifetime, desert animals encounter prolonged periods of food scarcity interspersed by irregular periods of food surplus (1) . Mortality from starvation is common (3) . It is most obvious in some of the domesticated desert animals. For example, in the sub-Saharan deserts of Africa, zebu cattle are watered regularly by their nomadic herdsmen, even during droughts. Totally denuded areas expand around watering points as a drought progresses, and animals have to travel further and further over bare ground between food and water. Eventually, if the drought persists, they starve, and the landscape becomes littered with their carcasses. In one region of Kenya 350,000 cattle from a population of 450,000 died in this manner during a drought in 1961 (4) .
Desert animals have become adapted for food scarcity and are able to survive on less food than their nondesert relatives, just as they are able to survive on less water. A low resting metabolism is one common physiological adaptation for desert life. Resting metabolic rates 10-30% below values predicted by Kleiber's allometric equation (5) have been observed in desert mammals ranging from insectivores (6) and marsupials (7) to rodents (8) , carnivores (9, 10) , and ungulates (11) . Furthermore, measurements of metabolic rates in the field (with doubly-labeled water) indicate that desert mammals require on average about 30% less energy than nondesert mammals (12) .
We hypothesized that not only should desert animals have a low resting metabolism, but also they should possess specialized mechanisms for turning metabolism down further to conserve energy when food is in short supply, just as they have specialized mechanisms for conserving water when it is in short supply. Most mammals have some capacity to reduce energy requirements in response to food restriction and/or starvation (13) (14) (15) , and desert mammals could have built on a variety of mechanisms to switch down metabolism. These mechanisms involve: (i) reducing the rates of energy-consuming maintenance functions, such as metabolite and ion transport across cell membranes (16, 17) ; and/or (ii) reducing the size of selected organs in the digestive or reproductive systems or in both systems (18) (19) (20) (21) .
The available evidence seems to support our hypothesis.
For example, some small desert rodents such as pocket mice (22) , gerbils (23) , cactus mice (24) , and ground squirrels (25) use torpor to reduce metabolic rate when their food intake is restricted, slowing the rate of biochemical reactions in most tissues by allowing body temperature to fall. Although this mechanism conserves food, the torpid animal loses its ability to be active and avoid predation (26) . We asked whether some desert mammals may possess mechanisms for turning down metabolism when food is scarce, while avoiding these perils of torpor.
MATERIALS AND METHODS Animals. To investigate this question, we selected the golden spiny mouse (Acomys russatus; 3 males and 1 female; average weight, 85.7 ± 2.1 g) because it lives in the most extreme deserts of Israel and lacks the ability to use torpor (27) . For comparison, we selected the CD-1 white mouse (3 males and 1 female; average weight, 36.5 ± 4.9) from the Charles River Breeding Laboratories, a "general purpose" mouse maintained ad libitum on food since the colony was established in 1959.
Experimental Design. We simulated a "desert food shortage" by feeding each animal only half its normal intake. Ad libitum rates of food intake, where animals maintained a constant weight, were measured over a period of 1-3 months. The animals were housed individually in specially designed metabolic chambers, on a 12/12-hr light/dark cycle and at an ambient temperature of 31'C. Oxygen consumption, body temperature, and activity were monitored continuously.
After ad libitum food intake was determined, food intake was reduced to half this amount, and the measurements were continued until animals either achieved a steady-state metabolism, body weight, temperature, and activity on the restricted diet or lost 30%o of their body weight. Measurements were continued for about 1 month after a steady state had been achieved on the reduced rations, food was again made freely available, and the return to initial metabolic rate and body weight was monitored. The care of the animals and the experimental protocols were approved by our institutional animal care committee. They conformed to all municipal, state, and federal guidelines and regulations. *Present address: Director, Aeronautics Program, Jacksonville University, 2800 North University Boulevard, Jacksonville, FL 32211. tTo whom reprint requests should be addressed.
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Methods. Oxygen consumption was measured with a closed-circuit system. Each animal was housed in a 4-liter airtight metabolic chamber. The chamber was fitted with a running wheel, a feeder, and a water bottle. A smaller darkened nest chamber was also provided where the animal could retreat. Air was recirculated at a metered rate through the chamber, a drying column (anhydrous CaSO4), and a CO2 absorbing column (Barium hydroxide lime) by using a diaphragm pump. The oxygen consumed was replaced automatically by a pump that was activated by a pressure sensor. A commercially available Data Quest System (DQ-1088) monitored the oxygen pump and stored oxygen consumption data in an IBM personal computer. Minimal (lowest for 15 min), maximal (highest for 15 min), and average oxygen consumption were automatically calculated each day as well as the time allocation of oxygen consumption during each 15-min interval over the 24-hr day/night cycle.
Body temperature (accuracy ± 0.20C) and activity (changes in the animals' position relative to the receiver) were telemetered by using a 2-to 3-g transmitter (Mini-Mitter, Sunriver, OR). The transmitters were implanted in and removed from the abdominal cavity under general anesthesia with halothane. Temperatures and activity scores were entered directly into an IBM personal computer using the Data Quest system.
RESULTS
Both spiny mice and white mice lost weight for the first 2 weeks on the restricted diet (Fig. 1) . As in other mammals, their mass-specific metabolic rates decreased by about 10% (14) . At this point, a difference between the two species became obvious. Daily metabolic rate of the spiny mouse continued to decrease for the next 2 weeks until it was low enough that the animal was able to maintain its weight on the limited rations. In contrast, the metabolic rate of the white mouse increased, the weight decreased, and the experiments had to be terminated to avoid starvation after about 17 days.
The "switch" to a low resting metabolism occurred suddenly, from 1 day to the next in each individual (Fig. 2) . After the "switch" was activated, daily metabolism was gradually reduced by progressively increasing the length of time spent each day at the low rate until energy balance was achieved (Fig. 2 Lower) . Body temperature of the resting animal was not significantly altered by the switch (food ad libitum: 35.5 ± 0.290C; food restricted: 34.5 ± 0.520C; P = 0.29, t test), at least not at the ambient temperature of 31TC we used in these experiments.
The switch back to normal metabolism was equally rapid. When we ended the food shortage by letting the desert mouse eat all it wanted, food intake increased by 6-fold on the first day, and resting metabolism immediately switched up to prefamine levels (Fig. 3) . This rapid switch up should enable the mouse to exploit the unpredictable periods of food abundance immediately after rain in the desert. Resting oxygen consumption (Vo2) decreased by about 10% during the first 2 weeks of food restriction in both desert spiny mice and white mice. Then the desert spiny mice suddenly "switched down" resting metabolic rates (Vo2/Mb, where Mb = body mass) by half in a single day, while the rates of white mice increased (Upper). After the "switch" was activated, the percent of time spent at low resting rates increased gradually for about 3 weeks until the animals came into energy balance, resulting in a gradual decrease in daily metabolic rate (Lower) (see Fig. 1 ). The sudden decrease in resting metabolic rate did not occur on the same day after food restriction in all individuals (average of 16 + 3.6 days). To 
DISCUSSION
Although a reduction in metabolism appears to be a common response to food restriction among mammals, the magnitude of the reduction in spiny mice is 2-5 times that reported for humans (14) and white rats (28) . Some mammals, like the white mouse in our study, only reduce metabolism transiently with food restriction (29) . The spiny mouse is frugal with its energy resources even when food is available. As has been noted by others (27, 30) , this animal has a metabolic rate only about half that predicted for an ordinary mammal of this size. When food is scarce, its metabolism is cut in half again, to just a quarter of the predicted rate, a rate as low as that predicted for a lizard of similar size and body temperature (31) .
Moreover, this reduction occurs without a significant fall in body temperature. As far as we are aware, torpor is the only mechanism reported to date for reducing metabolism of desert rodents in response to food restriction.
How do the spiny mice switch their metabolism down? Further studies are necessary to answer this question, but the rapid change seems to indicate that the rates of energyconsuming processes are reduced, rather than the reduction in size of organ systems. The switch could involve sympathetic control of energy-requiring processes (32) . For example, Tibetan Buddhist monks, like resting spiny mice, can switch down their resting metabolism by as much as 64% (33, 34) . Thyroxin may also be involved (35) . A large fraction of the energy supplied to different mammalian organs is used by "pumps" maintaining ion gradients across cell membranes (36) . It is estimated that maintaining Na+/K+ gradients alone accounts for up to 60% of the metabolic cost in mammalian tissues (37) . Thyroxin, which controls Na+/K+ pump activity, is secreted at low rates in several desert rodents (38) . Thus, reduced thyroid activity may help account for the reduction of metabolism with food restriction.
We suspect that a "metabolic switch" for adjusting energy expenditure to food availability will be found commonly in desert mammals. It also seems likely that the dramatic adjustments in metabolism we observed in spiny mice are simply an "exaggerated" response of a general physiological mechanism.
Thus, this adaptation for desertlife may provide a powerful tool for investigating metabolic responses to food scarcity and starvation common to all mammals, including humans. 
